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Abstract 
A parametric study was performed to investigate the contribution of surface roughness, friction and a constant residual surface 
stress to the rolling contact fatigue damage process. The effects on initiation, crack path and fatigue life were examined for a gear 
application. The asperity point load model could predict effects on rolling contact fatigue that are observed with experiments. 
The study of a ring/cone crack subjected to a rolling contact fatigue load allowed to explain the v-shaped cracks typical for 
surface initiated spalling. The results further support the asperity point load mechanism as a source behind surface initiated 
rolling contact fatigue. 
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1. Introduction 
Many machine elements contain contact surfaces that are repeatedly subjected to high loads in combination with 
relatively small sliding motion. Such contact surfaces may suffer from rolling contact fatigue (RCF) or spalling, 
using the nomenclature proposed by Tallian [1]. Typical examples of applications subject to RCF damage are 
bearings, cam wheels, rails and gears. The damage consists of cracks in the contact surfaces which result in craters 
or spalls, when material is chipped off. This damage is designated as macro-scale contact fatigue as opposed to 
micro-scale contact fatigue or surface distress, where the damage size is comparable to the dimensions of surface 
asperities. RCF damage may lead to dysfunctionality of the machine element or in more severe cases to final failure. 
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Nomenclature 
a crack length 
a0 initial crack length or depth 
al cylinder contact half-width 
ap  asperity contact radius 
E Young’s modulus 
N fatigue life 
p0l maximum cylindrical Hertzian pressure 
p0p maximum spherical Hertzian pressure 
q0l maximum cylindrical Hertzian tangential traction 
q0p maximum spherical Hertzian tangential traction 
r,θ,z cylindrical coordinates with origin at asperity 
rc initial cylindrical crack radius 
x,y,z Cartesian coordinates with origin at asperity 
x0 position of pitch line 
xc position of initial crack 
xd position of cylindrical load 
α spall opening angle 
λasp  asperity aspect ratio 
μ cylindrical coefficient of friction 
μasp asperity coefficient of friction 
ν Poisson’s ratio 
σN stress normal to the crack faces 
σx,R  residual surface stress in the rolling direction 
σy,R  residual surface stress perpendicular to the rolling direction 
 
The overall gear picture in Fig. 1(a) shows separate spalls on the flanks of a pinion or driving gear. Fig. 1(b) 
illustrates a close-up view of an individual crater on a gear flank. It presents a v-shaped or arrowheaded spall typical 
for surface initiated damage [1-4]. More irregular shapes are generally observed with sub-surface initiated spalling 
[1]. The angle at the apex of the arrowhead, α, is designated as the spall opening angle or crack spread angle. Typical 
values from experiments are reported in the range 70⁰-140⁰ [4]. The initiation point of the crack corresponds to the 
apex and is often situated below the pitch line, i.e. in the region subjected to small negative slip. Crack propagation 
occurred in the rolling direction with a fairly shallow entry angle, typically smaller than 30⁰, see Fig. 1(c). 
RCF is a very complex problem and has been investigated since the early work by Way [5] in 1935. Different 
possible mechanisms have been proposed to explain the damage process resulting into spalling, but they all present 
some unsatisfactory features. Although the large amount of research on the topic, the damage process is still not 
fully understood. In 1999 Olsson [6] pointed out the importance of asperities on the contact surfaces in the damage 
process of RCF. If the contact load would be solely represented by a cylindrical load, then one would get a two-
dimensional problem resulting in two-dimensional damage bands. However, as illustrated in Fig. 1(a), one can 
observe separate spalls on the flanks of the gear. Indeed the inevitable asperities on the contact surface locally 
disturb the load distribution and act as stress raisers, see Fig. 2. Their contribution to the contact load can be 
represented as a point load. The superposition of the cylindrical and asperity load results in a three-dimensional 
problem. The asperity point load mechanism provides large tensile stresses in front of the asperity allowing to 
explain both initiation [7] and propagation [8,9] of RCF damage. 
The RCF behaviour in the symmetry plane of the spalling damage was examined using a two-dimensional RCF 
crack growth model. A parametric investigation was performed with a limited number of design parameters. The 
surface features of surface initiated RCF damage were studied using the asperity point load mechanism. The damage 
was compared with cracks obtained with Hertzian point loads. 
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Figure. 1. Characteristics of surface initiated rolling contact fatigue damage.
Figure 2. The asperity point load mechanism illustrated with an equivalent gear geometry.
(a) Driving gear wheel with on its flanks spalls situated at discrete
locations.
(b) Typical v-shaped surface initiated spall with a spall opening
angle, α ≈ 106⁰.
(c) Talysurf measurements along the symmetry line of three spalls on the gear wheel shown in Fig. 1(a).
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2. Modelling
RCF damage was modelled using data from the gear in Fig. 1. The case-hardened gear steel following SS2506
was assumed to behave elastically due to elastic shake-down after running-in of the gear. The linear elastic material
parameters are E = 206 GPa and ν = 0.3. The material properties were taken to be constant through the depth [7].
Surface treatments and running-in of the gear result in residual surface stresses. Measurements on the gear flanks in 
Fig. 1(a) were performed after running-in: in the rolling direction the residual surface stress, σx,R, was found to be 
zero, whereas the residual surface stress in the direction perpendicular to the rolling direction was compressive:
σy,R= -150 MPa [10]. However, for the parameter study σx,R was allowed to range from -200 MPa till 100 MPa. Prior 
to running-in of a gear σx,R is typically compressive due to heat treatment. A tensile residual surface stress in the
rolling direction was not really representative for the investigated gear application, but rather for a bearing inner ring 
shrink-fitted on a shaft. The defined range allows for the study of the effect of σx,R on surface initiated RCF damage.
2.1. Asperity point load model
The gear contact was modeled using an equivalent gear geometry: a flat pinion was over-rolled by a cylindrical 
follower. On the surface of the pinion an axisymmetric cosine-shaped asperity was introduced. The aspect ratio of 
the asperity, λasp, is defined as the ratio of the asperity height over the radius. For the parameter study it was taken in
the range 0.02 - 0.04. In this investigation the radius of the asperity was kept constant and equal to 50 μm, whereas
the asperity height was varied. The asperity point load model illustrated in Fig. 3 consists of the superposition of a 
cylindrical and spherical Hertzian pressure distribution.
Figure 3. The asperity point load model for crack growth modeling in the xz symmetry plane.
The cylindrical contact has constant magnitude for both the normal and tangential loads. The maximum normal
Hertzian pressure, p0l = 2.389 GPa. The magnitude of the maximum Hertzian tangential traction, q0l, was directly
related to p0l by means of a constant coefficient of friction μ (Coulomb friction). Due to lubrication of the gear 
contact the tangential load transfer is limited. Therefore μ was taken in the range 0 - 0.06 for the parametric
investigation. The contact region of the normal and tangential pressure distributions of the cylindrical load is defined 
by the contact half-width al = 0.287 mm [11]. The position of the cylindrical contact load with respect to the center 
of the asperity is given by the variable xd, see Fig. 3. As opposed to the cylindrical contact load, the asperity contact
load is fixed in space. However its magnitude depends on the position of the cylindrical load. The magnitudes of the
normal, p0p, and tangential, q0p, asperity loads were derived through an FE contact simulation [8]. The contact radius 
of the spherical contact was denoted ap. The asperity was assumed to break through the lubrication film leading to
an increased tangential load transfer. The coefficient of friction for the asperity μasp was therefore different from μ
and taken in the range 0.1-0.4. The asperity is situated at x0 ≈ 1 mm below the pitch line of the pinion; hence all the
tangential loads are negative and acting opposite to the rolling direction.
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Closed-form expressions of the stresses induced by both the cylindrical and spherical loads are available in the 
literature [11,12]. The total three-dimensional stress field in the uncracked material was then obtained by 
superposition of the different contributions and taking into account the constant residual surface stresses. 
2.2. RCF crack growth model 
Crack growth was simulated in the symmetry plane of the spall using linear elastic fracture mechanics (LEFM) 
[8], i.e. the simulations were two-dimensional. An initial crack perpendicular to the contact surface was introduced 
at a position xc = 20 μm, where the tensile surface stress in the rolling direction was the maximum, i.e. just outside 
the asperity contact radius: xc > ap, see also Fig. 3. Based on surface roughness measurements [7], the initial crack 
length was taken to be a0 = 3 μm, which also allowed for investigation of early RCF damage or surface distress. The 
microstructure of the investigated gear steel consists of pearlite lamellas, initially a few micrometers thick, broken 
up by martensite structures. Hence the size of the microstructure is of the order of a micrometer. The critical crack 
size defining mechanically short cracks was estimated in the range 0.3 - 7.4 μm by an analysis performed in [8]. In 
view of the dimensions of the microstructure and the plastic zone, the selected initial crack size was considered to be 
a lower limit for the applicability of LEFM. 
The fatigue crack path was determined assuming a mode I fracture mechanism. The rolling contact induces a 
non-proportional, plane mixed-mode load on the crack. The combination of mode I and II loads causes crack 
deflection. However due to the non-proportionality, the principal directions at the crack tip rotate during the load 
cycle. In order to allow simulation of the crack path a critical instance during the load cycle was defined. The 
instance with the maximum mode I load was assumed to be critical and control the fatigue crack growth direction. 
Crack propagation was assumed to occur perpendicular to the direction of the largest principal stress at the crack tip 
position in the uncracked material [8]. By the principle of superposition the mode I and II stress intensity factors 
were determined using the stresses normal and tangential to the crack faces. Integration of elementary formulae for a 
through-thickness straight edge crack [13] was used [8]. 
During the load cycle, over-rolling causes inevitably crack closure. To account for this a crack closure limit was 
introduced allowing the computation of effective mode I and II stress intensity factor ranges. The crack closure limit 
was taken to be constant and equal to zero [9]. Hence the effective mode I stress intensity factor range was equal to 
the maximum mode I load. The effective mode II stress intensity factor was computed by excluding the mode II 
loads when the crack was closed. Hence, the crack was subjected to crack opening loads during a fairly reduced part 
of the load cycle [8]. The crack growth rate was then calculated in terms of the effective loads using the equivalent 
stress intensity factor range by Tanaka [14]. An experimental study was performed to determine fatigue parameters 
[9]. Due to the presence of large compressive peak stresses during the load cycle, the fatigue threshold was taken to 
be zero [15] at the present RCF simulations with large negative load ratios. 
3. Results and discussion 
3.1. Parameter study of two-dimensional RCF crack growth model 
Both a one-parameter-at-a-time and a 2-level full factorial design were performed [16] using the two-dimensional 
RCF crack propagation model based on the asperity point load mechanism. Four design parameters were selected 
keeping overall geometry, material and cylindrical normal load fixed. The asperity aspect ratio, λasp, and the asperity 
friction, μasp, represent the local parameters, whereas the cylindrical friction, μ, and the residual surface stress in the 
rolling direction, σx,R, are the global parameters. The selected design variables could easily be modified by different 
surface treatments and/or lubrication conditions for the investigated gear application. 
The highest tensile surface stress in front of the asperity was assumed to control fatigue crack initiation. It was 
observed that mainly the local parameters influenced crack initiation. Both reduced asperity aspect ratio and friction 
result in a decrease of the maximum tensile surface stress in the rolling direction. Hence reduced surface roughness 
and enhanced lubrication will lead to increased RCF resistance, which agrees with design recommendations [1]. 
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When considering the crack path simulations, the crack depth represents a measure of the size of the spalling
damage. A larger influence of the global parameters on the simulated crack path was observed for both early and
developed RCF damage. At a developed stage of RCF damage, the residual surface stress in the rolling direction had
actually a very large influence on the simulated crack path. The size of spalls is therefore best reduced by 
introducing large compressive residual stresses, explaining the findings by Way [5]. Fig. 4(a) represents the effect of 
the four design parameters on the simulated crack path at developed RCF damage. The parameters are ranked in
order of importance determined by the outcome of the 2-level full factorial design. The definition of the different 
low and high levels for the investigated parameters are specified in [16]. The simulated crack path in Fig. 4(a) was
obtained with λasp = 0.03, μasp = 0.3, μ= 0 and σx,R = 0. It agrees well with the experimental spall profile and recovers
some typical features such as the shallow entry angle, propagation in the rolling direction and overall shape in the
symmetry plane.
All four design parameters had a comparable influence on the simulated spalling life. For early RCF damage or 
surface distress, the asperity friction seemed to have a more significant effect. An increase in μasp resulted therefore
in larger crack growth rates. Fig. 4(b) represents the effect of the four investigated parameters on the simulated 
fatigue life for developed RCF damage, i.e. the crack length a as function of the number of load cycles N. The
parameters are again ranked in order of importance determined by the outcome of the 2-level full factorial design 
[16]. Reduced surface roughness, improved lubrication and a compressive residual surface stress all contribute to
increase the simulated fatigue life.
(a) (b)
Figure 4. Effect of the investigated parameters on the simulated (a) crack path and (b) fatigue life for developed RCF damage.
3.2. Surface features of surface initiated RCF
The asperity point load mechanism is based on the effect of asperities on the load transfer between contacting
surfaces. Contact fatigue due to Hertzian point loads or asperity loads has been investigated extensively by
Alfredsson and Olsson [17,18].
When a surface is subjected repeatedly to a Hertzian point load, one can speak of standing contact fatigue (SCF)
[17]. Normal Hertzian point loads result in an axisymmetric problem, where fatigue cracks initiate and propagate
due to tensile radial stress. Typical damage consists of ring/cone cracks, where the crack initiates just outside the
cyclic contact radius, see the surface view in Fig. 5(a). However in the case of inclined SCF [18], the presence of a
tangential frictional load removes the axisymmetry and results in a symmetric problem. Crack initiation now 
typically occurs in a smaller region where additional tensile stress from the tangential frictional load contributes to
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the tensile radial stress caused by the normal load. In Fig. 5(b) the tangential frictional load was acting leftwards 
causing crack initiation only on the right-hand side of the contact region. For low tangential frictional loads the 
crack still circumvented the circular contact region in a similar way as with normal SCF shown in Fig. 5(a). 
However with larger tangential frictional loads the crack does not circumvent the contact region. Crack arrest is then 
observed [18], due to compressive stress introduced by the frictional tangential load. Below the surface the normal 
and inclined SCF cracks propagate into the material and turn outwards, away from the center of the spherical load. 
Increased tangential frictional is observed to induce steeper crack trajectories, i.e. larger crack angles [18], which 
agrees with the effect of μasp on the simulated crack path in Fig. 4(a). The similarities between the crack trajectories 
of SCF and RCF cracks suggest that the same contact fatigue mechanism is responsible for both types of cracks 
[17]. 
 
  
(a) Circular surface cracks around the contact region with normal SCF. (b) Surface crack on the right-hand side only of the contact region 
with inclined SCF. 
Figure 5. Surface views of experimental results from repeated contact between a spherical indenter and a plane surface. The cyclic contact radius 
of the circular contact marks was approximately equal to 1 mm. 
The two-dimensional RCF crack growth model used for the parameter study is limited to simulating the RCF 
behaviour in the symmetry plane of the damage. It does therefore not allow to examine surface features of surface 
initiated RCF. The study was instead based on the total three-dimensional stress field induced by the different loads 
shown in Fig. 3. A first observation was that the total circumferential surface stress close to the spherical load is not 
the largest principal stress, which would be necessary to explain the typical v-shape with the total surface stress 
alone. Further away from the asperity the largest principal stress directions on the surface are mainly influenced by 
the residual surface stresses. The surface properties of surface initiated RCF damage need therefore to be 
investigated using the sub-surface stress field. 
The effect of the asperity point load mechanism on the surface shape of surface initiated RCF damage was 
examined by considering the stress field on the crack faces of a ring/cone crack. A virtual ring/cone crack was 
introduced in the material by rotating the simulated crack path in Fig. 4(a) around the z-axis defined in Fig. 3. This 
was motivated by the observed similarities between the trajectories of SCF and RCF cracks. The initial crack 
consists then of a cylindrical crack with radius rc = 20 μm and depth a0 = 3 μm. Due to symmetry, the study was 
limited to -π ≤ θ ≤ 0, where θ represents the angular coordinate in the cylindrical coordinate system. The rolling 
direction corresponds to θ = 0. A RCF load differs from a SCF load by the additional two-dimensional cylindrical 
contact load. The stress field normal to the crack faces of the ring/cone crack, σN, was computed by rotating the 
three-dimensional Cartesian stress field. Both a rotation by θ and the local crack angle were performed. The stress 
field σN (a, θ) acting on the crack faces of the three-dimensional crack surface was investigated for a fixed RCF 
load. The load corresponding to the critical instance at a = 20 μm for the two-dimensional crack growth simulation 
with λasp = 0.03, μasp = 0.3, μ = 0 and σx,R = 0 [16], was selected. The position of the cylindrical load is then given by 
xd = -0.282 mm. The magnitude and size of the resulting asperity load was defined by p0p = 4.413 GPa, q0p = 1.476 
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GPa and ap = 19.7 μm. The residual surface stress perpendicular to the rolling direction, σy,R = -150 MPa. The 
residual surface stress state was determined through measurements performed on the gear flanks in Fig. 1(a) [10].
Fig. 6 presents the normal stress on the crack faces of the ring/cone crack for small crack lengths: a ≤ 50 μm. The 
black contour represents the boundary between compressive and tensile stress, whereas the four grey contours
indicate the stress levels ± 100 MPa and ± 20 MPa. The white dashed line corresponds to |θ| = 50⁰, which represents 
the average experimental spall opening angle of approximately 100⁰ observed for the investigated gear wheel in Fig.
1(a). The stress discontinuities observed in Fig. 6 correspond to the change in crack orientation at the initial crack 
depth a0.
Fig. 6(a) corresponds to a frictionless cylindrical contact. For |θ| larger than approximately 90⁰, the crack faces of 
the initial cylindrical crack are solely subjected to compressive stress. No crack initiation or propagation is therefore
to be expected along these directions, i.e. against the rolling direction. Only for |θ| smaller than approximately 40⁰
the initial cylindrical crack was completely subjected to tensile stress. For a > a0, the crack faces were mainly 
subjected to compressive stress, except for short cracks in directions close to the rolling direction. However, for low 
angles θ, the compressive stresses on the crack faces are very low, which in combination with the high tensile
stresses on the initial cylindrical crack will result in a crack opening load. Further propagation along these directions 
is therefore possible. In the two-dimensional RCF crack growth analysis [8], the tensile normal stress on the initial
crack was indeed found to give a major contribution in the computation of the mode I stress intensity factor. For the
case without lubrication, i.e. with high friction, see Fig. 6(b), a larger part of the crack faces of the ring/cone crack 
was subjected to tensile normal stress. Apart from increasing the crack opening loads and crack growth rates along
the crack front, the spalling damage will also be allowed to develop for a wider range of θ. This will result in a
larger spall opening angle.
The results presented in Fig. 6 illustrate that RCF damage can only be initiated in a small region in front of the
spherical contact region, i.e. for small |θ|, which agrees well with the observations for inclined SCF [18]. The
presence of the cylindrical contact load will inhibit any initiation or propagation directed opposite to the rolling
direction. A reduction of the spall opening angle is to be expected with decreased friction, as reported also in [4]. A
similar effect can be expected from the compressive residual surface stress in the direction perpendicular to the
rolling direction.
(a) (b)
Figure 6. The stress field σN on the virtual crack faces in terms of the crack length and normalized angular coordinate, both for (a) a frictionless
cylindrical load, μ = 0 and (b) a cylindrical load without lubrication, μ = 0.3.
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4. Conclusions 
The influence of four design parameters in rolling contacts was studied with respect to initiation, crack path and 
fatigue life. The two-dimensional crack growth model based on the asperity point load mechanism predicts the 
effects on RCF that are observed in experiments when varying these design parameters [5]. Reduced surface 
roughness, improved lubrication and compressive residual surface stress in the rolling direction all contribute to 
increase the simulated spalling life and reduce the simulated depth of the spalling damage. Surface roughness and 
local friction properties were found to control crack initiation, whereas the simulated crack path was primarily 
affected by the residual surface stress, especially for developed damage. Furthermore when asperities enter the 
rolling contact, compressive stresses prevent crack initiation and growth. A qualitative evaluation based on the 
three-dimensional stress field in the material indicated that RCF damage will initiate and propagate in the rolling 
direction, resulting in the typical v-shaped cracks observed for surface initiated RCF damage. Both compressive 
residual surface stress in the direction perpendicular to the rolling direction and improved lubrication will reduce the 
spall opening angle, i.e. the area on the contact surface affected by spalling. These results further motivate the 
asperity point load mechanism as a source behind surface initiated RCF. 
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